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Monolayer properties’ interdependenceInteraction between the bioactive compounds nicotinamide and picolinamide and phospholipids
(phosphatidylcholines and phosphatidylethanolamines) was investigated by a combined approach using
dipole potential measurements and quantum chemical calculations. It is shown that nicotinamide and
picolinamide interactions with phosphatidylcholines are of two main types: (i) speciﬁc interactions with the
phosphate group of the lipid, for which H-bonding between NH2 group of the substrate and the phosphate
plays a dominant role, (ii) conjugated less speciﬁc weaker interactions involving both the phosphate and
carbonyl groups of the head group, which propagate to the lipid alkyl chains and increase their
conformational disorder. For phosphatidylethanolamines, picolinamide was found to decrease the dipole
potential of the membrane in a similar way as for phosphatidylcholines, while nicotinamide is ineffective.
These ﬁndings are correlated with the speciﬁc properties of phosphatidylethanolamines (reduced exposure
of phosphate groups) and structural differences in the two substrates, in particular: different separation of
the nitrogen atoms in the molecules, existence of a strong intramolecular hydrogen bond in picolinamide
(NH...N (ring)), which is absent in nicotinamide, and non-planarity of nicotinamide molecules, in contrast to
picolinamide ones. Additional information on the lipid/substrate interactions was extracted from the
analysis of the changes produced in the relevant vibrational frequencies of the lipid and substrate upon
binding. The present study gives molecular support to the argument that changes of dipole potentials are due
to effects on the constitutive dipolar PO and CO groups. In addition, it is also shown that according to the
speciﬁc binding of the substrate to one or both of those, the conformational state of the acyl chains may be
affected. These entropy effects may be in the origin of the well-known interdependence of the properties of
one monolayer with respect to the other in bilayer membranes.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The elucidation at molecular level of the interactions of bioactive
species with phospholipid constituents of biological membranes is of
fundamental importance for the description of their mechanisms of
action. The ability of bioactive molecules to interact with biomem-
branes depends in some extent on their possible binding to
membrane groups exposed to water, such as carbonyl and phosphate
groups of phospholipids, and how they can insert into the hydropho-
bic region [1,2].at Laboratorio de Fisicoquímica
Inorgánica, Departamento de
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ll rights reserved.It iswell known that lipidmembranes are cooperative structures, in
the sense that changes at the head groups’ regionmaypropagate to the
hydrocarbon tails and vice-versa [3,4]. However, this visualization of
the physicochemical properties of lipid membranes in relation to their
response to variations in the external media still faces many unsolved
questions. Among them, the interdependence of the properties of one
monolayer with respect to the other can be mentioned. This
interdependence was put into relevance when the binding constant
of Ca2+ ions was found to depend on the calcium concentration inside
the lipid vesicles [3,5]. That is, the binding of charges on one side of the
membrane affects the charges’ afﬁnity on the opposite face.
A possible interpretation for this effect is that the conformations of
the polar groups of the outer face of the membrane are inﬂuenced by
those of the polar groups of the inner face. On the other hand, this
requires the existence of a coupling between the conformations of the
polar head groups of both the inner and outer faces of the bilayer and
the conformations of the acyl chains. In particular, in the case of the
2554 A. Borba et al. / Biochimica et Biophysica Acta 1788 (2009) 2553–2562binding of Ca2+, the different conformations should result in different
exposures of the phosphate groups to the water phase.
In planar black lipid membranes (BLM), it was also shown that
electrostriction of charges on one side of the bilayer affects the
binding of ions on the other side [6]. Furthermore, it was also shown
that this kind of propagation depends on the curvature of the bilayer,
this effect being particularly noticeable in small vesicles, in which the
packing of the chains in the inner monolayer is considerably more
compact than in the outer one [5].
Since the observed synergism between the properties of the two
bilayer faces can be related with the distribution of conformations
adopted by the phospholipid chains, and hence to the formation of
kinks into which water molecules can be clustered, both the
conformational properties and water content modulate local changes
in the dielectric constant of the bilayer, modifying its properties, like
binding afﬁnities and permeability barriers [7].
Coupling between the conformations of the polar head groups of
the bilayer and the conformations of the acyl chains is essential but
has not yet been fully demonstrated. A way to get an insight on this
bilayer property is to study the conformational changes that may
occur in the lipid molecules when bioactive species bind to groups
that remain exposed to water. These groups are preferentially
carbonyls in the glycero-acyl ester union and phosphates in the
phospholipids head groups [8].
Among bioactive species, those containing nitrogen atoms are of
particular importance due to its direct function or as constituents of
nucleic acids. Picolinamide (2-pyridine-carboxamide; PA) and nico-
tinamide (3-pyridine-carboxamide; NA) (Fig. 1) are two well known
bioactive isomers of pyridine-carboxamide [9,10] which were found
to take part in many important biological processes—production of
energy, synthesis of fatty acids, cholesterol and steroids, signal
transduction and maintenance of the integrity of the genome,
inhibition of poly(ADP-ribose) synthetase [10–13]—and possess
several therapeutic uses (e.g., in diabetes treatment and prevention,
osteoarthritis and granuloma annulare [14–17]).
The different relative position of the ring nitrogen atom and
carboxamide substituent in NA and PA could be expected to inﬂuence
the way each molecule binds to the phosphate and carbonyl groups of
the membrane phospholipids and, thus, the changes they induce on
the membrane surface properties.
A way to determine surface properties is to measure the dipole
potential in monolayers spread on the air–water interface at constant
area and temperature. In this regard, many studies have shown that
the determination in this experimental set up is equivalent to those
made directly on bilayers [18,19]. Thus, in the present investigation
the effects of the substrates’ binding on the surface properties were
evaluated by measuring the changes in the dipole potential of
monolayers spread on the surface of NA or PA solutions. The
interactions of NA and PA with 4 phospholipids derived from
phosphatidylcholine and phosphatidylethanolamine were evaluated.
In each lipid family, one of the chosen lipids contains both carbonyl
and phosphate groups, whereas the second one contains only
phosphate groups. The reported effects of interaction between the
two studied substrates and the chosen lipids can, in principle, be
applied to interactions on both sides of a bilayer.Fig. 1. Molecular structures of nicotinamide (NA) and picolinamide (PA).In the context of the present study, an important difference
between phosphatidylcholines and phosphatidylethanolamines is
that the last ones show a very strong lateral interaction between
the phosphates and the amine groups of adjacent molecules [20–23].
In this direction, FTIR spectroscopy studies have provided information
about the strong hydrogen bonding and electrostatic interactions that
exist between the head groups in phosphatidylethanolamines [24].
This interaction justiﬁes the smaller volume of the polar head group
area in phosphatidylethanolamines with respect to that corre-
sponding to their acyl chains, as well as their low rate of hydration
(4–7 water molecules per phosphatidylethanolamine, in comparison
to 14–18 water molecules per phosphatidylcholine). In simple words,
phosphatidylethanolamines exhibit a reduced trend to interact
through their phosphate groups, compared to phosphatidylcholines.
The abovementioned structural differences allowed us to examine
the speciﬁc role of each type of group (phosphate or carbonyl) in the
interaction of the lipids with the chosen substrate molecules. On the
other hand, the experimental results obtained from the dipole
potential measurements were correlated with conformational
changes produced on the phospholipid monolayers upon substrate
binding, as evaluated by quantum chemical calculations.
2. Materials
1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-di-
O-tetradecyl-sn-glycero-3-phosphatidylcholine (PC-ether), 1,2-dimyr-
istoyl-sn-glycero-3-phosphatidylethanol-amine (DMPE) and 1,2-di-O-
tetradecyl-sn-glycero-3-phosphatidylethanolamine (PE-ether) were
obtained from Avanti Polar Lipids and used as received. Picolinamide
(PA) and nicotinamide (NA) were provided by Sigma Chemical
(spectroscopic grade) and used without any additional puriﬁcation.
3. Methods
3.1. Measurement of dipole potentials
Dipole potentials (ΨD) were determined in monolayers of the
different lipids spread on the air–water interface, an aqueous sub-
phase (KCl, 1mM)with or without NA or PA. For thesemeasurements,
the procedure consists in adding aliquots of a chloroform solution of
the lipids on the surface of the aqueous phase until a constant surface
pressure was reached (a saturated monolayer of a surface pressure of
ca. 44mN/m) by the evaporation of the solvent [22,24]. A solution of
1 mM of roasted KCL was used in the subphase in all cases. When NA
or PA was used, they were dissolved at different concentrations in the
mentioned KCl solution [18,19,27].
The values of the interfacial potential (Vsurf) were determined
through a high impedance circuit by means of an Am ionizing
electrode (α emissor) placed above the monolayer and a Ag/AgCl
reference electrode immersed in the aqueous subphase [18,22,23].
The surface of an aqueous solution, contained in a Teﬂon trough of
ﬁxed area, was exhaustively cleaned. Then, a chloroform solution of
the phospholipids was spread on that surface, up to reach a constant
surface pressure. The surface pressure of the different lipid mono-
layers was monitored in a Kibron μ-trough S equipment, at constant
temperature and area. The saturation point of the monolayer, for each
case, was determined considering the standard deviation of the
results at the plateau of the obtained curve. Under these conditions,
the measurements of dipole potential were made with lipids in the
monolayer in equilibriumwith the lipids in the subphase and Vsurf can
be obtained from the following expression:
Vsurf ¼VAg=AgCl−Vgrd¼Vsolution−Vgrd ð1Þ
where VAg/AgCl is the potential of the reference electrode and Vgrd is
the potential of the shield covering the ionizing electrode.
Fig. 2. Effect of nicotinamide (NA) on the dipole potential (ΨD) of DMPC, PC-ether,
DMPE and PE-ether monolayers.
Fig. 3. Effect of picolinamide (PA) on the dipole potential (ΨD) of DMPC, PC-ether,
DMPE and PE-ether monolayers.
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CD¼Vsurf−Vlip ð2Þ
where Vsurf is the potential of the clean surface (without lipids) and
Vlip is the potential after the monolayer was formed.
Different ΨD values were obtained as a function of the NA or PA
concentrations in the subphase solution. The values of ΨD presented
are the mean value of at least 5 measurements.
In all experiments, the temperature was measured with a
calibrated thermocouple immersed in the subphase and set at the
values indicated in each assay (mostly 18 and 28 °C) within ±0.5 °C.
3.2. Theoretical calculations
Theoretical calculations were performed with the GAUSSIAN 03
program [25], at Hartree-Fock level of theory, using the split-valence
3-21G basis set [26]. Structures of the molecules were fully optimized
using the program standard methods and convergence criteria
[27,28]. Initial structures were guessed by using a simple classical
molecular modeling approach (general force ﬁeld in GaussView [29])
and chemical knowledge about the expected preferred intermolecular
interactions. Vibrational frequencies were calculated at the same level
of theory and also used to check the nature of the stationary points on
the potential energy surface (PES). All structures resulting from the
minimization were found to be true minima on the PES, with no
negative Hessian eigenvalues. Assignment of the relevant molecular
vibrations was performed by direct analysis of the calculated normal
modes using GaussView. Binding energies for the lipid//substrate
dimers were estimated as the difference between the energy of the
dimer and the sum of the energies of the lipid and substrate. Since the
focus of the theoretical studies was the evaluation of the speciﬁc
interactions between the substrates (NA and PA) and the selected
lipids, themodeling studies were performed for themolecules or their
associates in vacuum and did not take possible environment effects
(including presence of water molecules) into account.
4. Results and discussion
As seen in Fig. 2, NA decreases the dipole potential of both DMPC
and PC-ether membranes along a concentration range of 500 mM.
However, it does not affect signiﬁcantly the dipole potential of the two
phosphatidylethanolamine lipids (DMPE and PE-ether). These results
indicate that the presence of phosphate groups non-bounded to
adjacent amine fragments is required for NA insertion into the
membrane. In contrast, within the same concentration range, PA
decreases in a similar way the dipole potential of themembranes of all
studied lipids (Fig. 3).
In order to shed light on the relative strength and possible
cooperative effects in the membrane of the interaction between the
selected substrates and the phosphate and carbonyl groups of the
lipids, which are those determining the dipole potential [21,22],
simple quantum chemical calculations on isolated dimers of the DMPC
and PC-ether with NA and PA were performed. Table 1 gives the
energies of the optimized structures of isolated DMPC, PC-ether, NA,
PA and dimers between NA and PA with DMPC and PC-ether. In the
case of DMPC, both interactions with phosphate and carbonyl groups
were considered.
The main conclusions regarding energies are the following: (i) NA
interacts more strongly with both DMPC and PC-ether than PA; this
result correlates well with the fact that ca. 70 % of the saturation value
of the dipole potential is obtained at much lower values of
concentration in NA than PA (10 mM for NA in comparison to
100 mM for PA) (see Figs. 2 and 3). (ii) For both NA and PA, the
interaction with the phosphate group of DMPC is stronger than that
with the carbonyl groups; this may account for the observed generaltrend found for the studied substrates (specially NA) to interact with
the membranes mainly through the phosphate groups of the lipids, as
deduced from the dipole potential measurements, where the decrease
in dipole potential for ester and ether PC is similar. (iii) Also for both
NA and PA, the interaction with DMPC via phosphate group is only
slightly stronger than that with PC-ether, whereas the substrates’
interactionwith DMPC via carbonyl groups is slightly weaker than this
latter. Note that the experimentally observed dipole potential changes
upon binding of the substrates are found to be approximately equal in
Table 1
Calculated binding energies (ΔEb/kJ mol−1) for the isolated lipid//substrate (lipid:
DMPC; PC-ether; substrate: NA or PA) dimers.a
Lipid//Substrate Interacting
groupsb
E ΔEb Δ[ΔEb]
(phosphate-carbonyl)
DMPC//NA P −7,347,215.60 −107.44 −10.57
DMPC//NA C −7,347,205.03 −96.87
DMPC//PA P −7,347,227.09 −86.23 −25.82
DMPC//PA C −7,347,201.28 −60.41
PC-ether//NA P −6,962,226.01 −102.00
PC-ether//PA P −6,962,239.85 −83.14
a Calculated total energies (E, obtained at the HF/3-21G level of theory) for DMPC,
PC-ether, NA and PA are −6,264,983.13, −5,879,998.98, −1,082,125.02 and
−1,082,157.73 kJ mol−1, respectively.
b P, phosphate groups; C, carbonyl groups.
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resulting from the conjugated opposite effect of the two types of
interaction between the substrates and DMPC (via phosphate and via
carbonyl groups).Fig. 4. Conformational changes in the alkyl chains induced by substrate (PA or NA) bindin
interactions with both phosphate and carbonyl groups are considered. The drawings of the oIf we look now to the optimized structures of the various DMPC-
based lipid//substrate dimers (Fig. 4), we can extract the following
main conclusions:
(i) For both NA and PA interacting with DMPC, the calculations
revealed that when the interaction is with the phosphate
group, the alkyl chains of the lipid do not change appreciably
of conformation, staying nearly parallel to each other as in the
most stable structure of isolated DMPC, whereas the weaker
interaction with the carbonyl groups induces important confor-
mational changes in the vicinity of the head group of the lipid,
making the alkyl chains to separate considerably from each other.
If a similar phenomenon occurs when the substrates are
interacting with a DMPC-based membrane, this shall lead to
increased entropy of the lipid alkyl chains, which may then favor
substrate insertion in themembrane.At the same time, this typeof
conformational changes induced in the alkyl chainsmay also be in
the origin of the known interdependence of the properties of one
monolayer with respect to the other in bilayer membranes [5,30].g to DNPC and PC-ether as predicted by the HF/3-21G calculations. In the ﬁrst case,
ptimized structures are shown keeping the phosphate group with the same orientation.
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DMPC, they also interact in some extent with the phosphate. We
can say that it is exactly because of this (to allow for maximum
energy stabilization through interaction with both groups) that
the DMPCmolecule folds around the head group and obliges the
two chains to separate from each other. This result is also in
agreementwith the observed general trend found for the studied
substrates (in particular NA) to interact with the membranes
mainly through the phosphate groups of the lipids, as deduced
from the dipole potential measurements.
(iii) Interactions of NA and PAwith PC-ether appear to be similar to
those with the phosphate group of DMPC also from the
structural point of view.
(iv) NA molecules seem to stabilize rather parallel to the membrane
plane while PA does it normally to the plane. As the dipole
potential is the vector sumof different dipole components normal
to the interphase, the disposition adopted by PA promotes a
higher decrease in the monolayer dipole potential than NA.
In summary, the theoretical studies on the DMPC-based lipids
interactions with NA and PA, indicate that these interactions may be
of twomain types: (i) speciﬁc interactions between the substrate with
the phosphate group of the lipid, for which with all probability H-
bonding between NH2 group of the substrate and the phosphate plays
a dominant role, and (ii) conjugated less speciﬁc weaker interactions
involving the head group (where both the phosphate and carbonyl
groups may be involved) propagate to lipid alkyl chains increasing
their conformational disorder.
Let us now consider the case of the interactions between NA and
PA with the studied phosphatidylethanolamine lipids, PE and PE-
ether. As already mentioned, the main difference between NA and PA
is the fact that within the same concentration range PA decreases in a
similar way the dipole potential of the membranes of all studied
lipids, while NA is practically ineffective in the case of the two
phosphatidylethanolamine lipids (see Figs. 2 and 3). This must be a
consequence of at least one the three main characteristics distin-
guishing the two substrates: different separation of the nitrogen
atoms in the molecules, which is larger for NA than for PA; existence
of a strong intramolecular hydrogen bond in PA (NH...N (ring)), which
is absent in NA; and non-planarity of NA molecules, in contrast to PA
ones which are planar [31,32].
Since in the phosphatidylethanolamine lipids the phosphate
groups are known to be tightly bound to adjacent PE's via amine
group, limiting its hydration [24], PA must necessarily interact with
membranes of these lipids through amechanismwhere speciﬁc direct
interactions with the phosphate groups are not dominant, i.e., through
a mechanism of the second type described above, involving less
speciﬁc interactions with the head group and effective introduction of
conformational disorder in the alkyl chains. Such kind of mechanism
of interaction seems in fact to be consistent with a greater difﬁculty of
the substrate to interact with the phosphate groups through hydrogen
bonding, that is exactly what we can expect when comparing PA with
NA, since in the former molecule there is a strong intramolecular H-
bonding interaction (absent in NA). It is then possible that, when the
PA molecules cannot bind efﬁciently to the phosphate groups, as in
the presence of phosphatidylethanolamine-based membranes where
these latter groups are not easily accessible, a substantial fraction of
PA molecules can keep their intramolecular hydrogen bond and
penetrate the membrane, thus inducing conformational disorder. This
conformational disorder can then promote a membrane expansion
and, consequently, a decrease in the dipole potential. The insertion of
PA in the membrane may also be facilitated by the fact that its
molecules are planar (due to geometrical restrictions imposed by the
intramolecular H-bond), whereas those of NA are not [31,32]. This canalso be visualized considering that the intramolecular H-bond of PA
makes this molecule less hydrophilic and hence more willing to
partition into the alkyl chains of the membrane.
The above proposed mechanisms, essentially speciﬁc via phos-
phate groups for DMPC-based lipids, and less speciﬁc but leading to
effective introduction of conformational disorder in the alkyl chains
for PA interaction with phosphatidylethanolamine-based lipids, fully
explain the experimental observations regarding changes in the
dipole potentials for the different pairs of lipid//substrate and are also
in agreementwith the theoretical results for isolated dimers of DMPC-
based lipids with NA and PA.
Further information could be extracted from the comparison of
calculated infrared spectra of DMPC and PC-ether in the presence and
absence of NA and PA (Fig. 5) with relevant experimental infrared
spectra assignments available for phospholipids (Table 2). Note that
the calculated wavenumbers presented in both Fig. 5 and Table 2were
not scaled to correct them from anharmonicity effects and limitations
of the theoretical approaches used (e.g., absence of consideration of
electron correlation and limited size of the basis set) and refer to
isolatedmolecules or associates in vacuum, so that absolute values are
expected to generally overestimate the experimental ones, except in
cases where cancellation of errors takes place. On the other hand,
relative wavenumbers’ values are expected to be meaningful.
We analyzed both the carbonyl (1850–1600 cm -1) and phosphate
(1250–950 cm -1) stretching regions. In the last region, the γNH2 (out
of plane rocking) mode of the NA or PA and the rocking modes of the
DMPC carbonyl groups also absorb strongly, complicating in some
extent the analysis. In this region, the vibrations are also considerably
mixed, in particular the NH2 and PO2 symmetric stretching modes.
Very interestingly, when NA and PA bind DMPC or PC-ether, their
δNH2 and νC=Omodes couple extensively and among the two bands
originated in these coordinates, the predominant contribution in the
higher frequency band is due to δNH2 (which for the isolated NA and
PA molecules absorbs at a lower frequency), whereas the main
contribution to the lower frequency band is due to the C=O mode
(see Fig. 5a and b). The composition of the relevant modes could be
easily done by direct analysis of the calculated normal modes using
GaussView normal modes animation module. The results for the PC-
ether are easier to interpret because this molecule does not have
carbonyl groups. So, in the carbonyl stretching region, we can notice
clearly how the δNH2 and νC=O modes of NA and PA change their
frequencies upon binding. As it could be expected, δNH2 increases its
frequency due to H-bonding (it becomes more difﬁcult to bend the
amine group which in the complex has the hydrogen atoms taking
part in a H-bond) and νC=O decreases because there is some electron
release from the carbonyl bond to the C-NH2 fragment fromwhere the
H-bond with PC-ether withdraws electrons. These trends are also
observed for NA and PA interactions with DMPC.
In the phosphate region of the PC-ether (Fig. 5f), the νPO2
asymmetric stretching reduces upon complexation with PA and more
with NA, which indicates a stronger interaction of the phosphate group
with NA than with PA, in agreement with both the dipole potential
measurements as well as with the theoretical structural and binding
energies data obtained for thedimeric structures, already discussed. The
analysis of the νPO2 symmetric stretching is more complex due to
superpositionwith the intense bands due toγNH2 (which in the isolated
substrates absorbs atmuch lower frequencies, as given in theﬁgure; see
below). Apparently, there are two bands with important contribution
from the νPO2 symmetric stretching, one at higher frequency than for
isolated PC-ether and the other one at lower frequency.
The analysis of the changes in theγNH2mode is not straightforward
because in isolated NA there is only a vibration, whereas in PA the
descriptionof theγNH2 rockingmodes is betterdone ifwe consider one
out of plane mode for the intramolecularly bound hydrogen and
another one for the “free” hydrogen. The frequencies of these two
modes in isolated PA are quite different (662 vs. 601 cm−1) and this
Fig. 5. Simulated infrared spectra of isolated DMPC, PC-ether, NA and PA and dimers (lipid//substrate) of these species as predicted at the HF/3-21G level of theory. The spectra were
simulated using Gaussian functions centered at the calculated wavenumbers with constant width at half height (20 cm−1); areas are proportional to the calculated band intensities.
Panels a–c refer to the carbonyl (1850–1600 cm−1) stretching region and panels d–f to the phosphate (1250–950 cm−1) stretching region.
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Fig. 5 (continued).
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Table 2
Selected HF/3-21G calculated vibrational wavenumbers (cm−1) of NA, PA, phosphate and carbonyl groups of DMPC and PC-ether and of dimers of these lipids with NA and PA.
Vibration NA PA DMPC DMPC//NA DMPC//PA PC-ether PC-ether//NA PC-ether//PA
Pa C(+P)b Pa C(+P)b
νC=O (lipid) (1) 1788 1788 1774 1787 1772
(2) 1707 (1710)c 1727 1769 1712 1766
νC=O (substrate) 1739 (1677)d 1754 (1686)d 1659 1702 1670 1702 1655 1674
δNH2 1676 (1627)d 1647 (1571)d 1743 1749 1735 1735 1749 1734
νPO2 asym 1227 (1230)c 1174 1180 1228 1186 1215 1169 1211
νPO2 sym 1010 (1086)c 1008 1012 1012 1012 1001 1010 1006
1001 992 997 987 987 987
Reference experimental data are in parentheses.
a Interaction via phosphate group of the lipid.
b Interaction via carbonyl (+ phosphate) group of the lipid.
c Experimental data obtained for dispersed DMPC in a full hydrated state [33]. Contributions from both carbonyl groups was observed, only as one broad band centered at the
given frequency, (1), carbonyl group interacting directly with the substrate; (2), carbonyl group indirectly affected by the interaction (see text).
d In the neat glassy state of the compound at 10 K [32].
Fig. 6. Infrared spectra (νSO2 asym. Stretching region) of dehydrated PC-ether, PC-
ether//NA and PC-ether//PA systems in KBr Pellet. The bands at 1113 and 1199 cm−1
are bands due to NA and are found at nearly the same values in the spectra of neat NA in
KBr pellet. The arrows indicate the observed shifts due to interaction between the
substrates (NA and PA) and the phospholipid. The spectra were obtained in a BOMEM
MB104 FT-IR spectrometer with 4 cm−1 resolution and 128 co-added scans.
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binding of the two molecules (NA and PA) to PC-ether not conclusive.
If we consider now the results for DMPC (Fig. 5d and e), interaction
with the phosphate group leads essentially to the same predicted
spectral changes as in PC-ether. This is true for both interaction with
NA and PA.
The changes in the frequencies of the carbonyl groups of DMPC
(Fig. 5a and b) follow the following trends: (i) the directly interacting
carbonyl group frequency changes to lower values; when the
interaction is with the phosphate group, the frequency of this
carbonyl group does not change relatively to the isolated DMPC
molecule; (ii) the non-directly interacting carbonyl group frequency
increases slightly from isolated DMPC to DMPC interacting via
phosphate group, and increases considerably when interaction is via
carbonyl; this shows the fact that the carbonyl not directly involved in
the interaction with NA and PA experiences a strong change in its
chemical environment, as it in fact happens due to the observed
separation of the two lipid alkyl chains in this case; apparently, this
leads to a strengthening of that carbonyl bond; (iii) both effects
described in (i) and (ii) are more relevant for NA than PA, once again
expressing the idea that NA interacts strongly with DMPC than PA (as
indicated in all the remaining theoretical and experimental data
obtained in this study and already discussed above).
As already mentioned, the main objective of the analysis of the
effects of substrates’ binding to the studied lipids on the theoretically
predicted IR spectra was to obtain further support to the conclusions
extracted from the theoretical structural analysis and from dipole
measurements, in particular to obtain further details about the
speciﬁc interactions considered in our study. In that sense, the theo-
retical results are by far more powerful than any experimental data
obtained by measuring the IR spectra of the systems under study by
the following main reasons. (i) Experimentally, we do not have access
to the characterization of the vibrations. So, for example, we could not
easily ﬁnd that the δNH2 and νC=Omodes of NA and PA change their
frequency order upon binding due to speciﬁc H-bond interactions
with the lipids. To have the chance to eventually check this point,
study of isotopically labeled substrates could in principle be sug-
gested. However, rapid H/D-exchangewith solvent would preclude to
extract any conclusion from using deuterated samples, and even the
expensive (and complex from the point of view of synthetic work)
experiments involving oxygen labeled isotopologues of NA and PA
with all probability would not also allow for any conclusion regarding
this point, since the expected wavenumbers’ shifts upon 16O to 18O
replacement are minimal and the bandwidths of the experimental
bands are large. (ii) In the interactions involving DMPC, experimental
measurements would not give any information about the different
effects resulting from interaction with the phospholipid carbonyl or
phosphate groups, since both types of interaction take place simul-
taneously. Then, the only relevant information that could be devisedto be possible to obtain from analysis of the experimental data relates
with the interactions between the substrates (NA and PA) and the
phosphate group of the PC-ether, which has no carbonyl group.
However, as already mentioned, the νPO2 symmetric stretching
region of the IR spectrum is, even in the theoretical spectra, quite
complex, due to occurrence of other intense modes in the same
spectral range (e.g., γNH2). In addition, it must be also taken into
account that the experimental bands have large widths and then
extensive band overlapping takes place, making the analysis of the
experimental data even more difﬁcult and uncertain. Nevertheless,
we recorded the infrared spectra of dried PC-ether and both PC-
ether//NA and PC-ether//PA systems at room temperature in KBr
pellet and, in spite of all the above mentioned intrinsic limitations of
the experiments, the analysis of both the νPO2 asymmetric stretching
and vCO/δNH2 spectral regions (Figs. 6 and 7) reveals a good
agreement between the experimental data and the theoretical
predictions. Hence, in the ﬁrst spectral region (Fig. 6), the experi-
mental band in the neat phospholipid was observed at 1243 cm−1,
reducing upon complexation with PA to ca. 1233 cm−1 and consider-
Fig. 7. Infrared spectra (substrate νCO and δNH2 region) of dehydrated PC-ether//NA
and neat NA in KBr Pellet. The spectra were obtained in a BOMEM MB104 FT-IR
spectrometer with 4 cm−1 resolution and 128 co-added scans.
2561A. Borba et al. / Biochimica et Biophysica Acta 1788 (2009) 2553–2562ably more upon complexation with NA (1144 cm−1). In the second
spectral region (Fig. 7), the main bands of NA originated in the νC=O
and δNH2 modes were observed at 1681 and 1620 cm−1, respectively,
and, in consonance with the theoretical predictions (see Fig. 5c), shift
to 1630 and 1686 cm−1.
5. Conclusions
From dipole potential measurements and quantum chemical
calculations, the mechanisms of interaction of NA and PA with phos-
phatidylcholines (PCs) and phosphatidylethanolamines (PEs) were
evaluated. It was shown that the interactions of both NA and PA with
PCs are of twomain types: (i) speciﬁc interactions with the phosphate
group of the lipid, mainly through H-bonding involving the amide
group of the substrate, and (ii) less speciﬁc weaker interactions
involving both the phosphate and carbonyl groups of the lipid head
groups, which propagate to the lipid alkyl chains and increase their
conformational disorder. These entropy effects may be the origin of
the well-known interdependence of the properties of one monolayer
with respect to the other in bilayer membranes.
For PEs, PA was found to decrease the dipole potential of the
membrane in a similar way as for PCs, while NA is ineffective. These
ﬁndings could be correlated with structural differences in the two
substrates, in particular: different separation of the nitrogen atoms in
the molecules, existence of a strong intramolecular hydrogen bond in
PA (NH...N (ring)), which is absent in NA, and non-planarity of NA
molecules, in contrast to PA ones. Since in the phosphatidylethanol-
amine lipids the phosphate groups are known to be tightly bounded to
adjacent NH2 groups [24], PA must interact with membranes of these
lipids through a mechanism where speciﬁc direct interactions with
the phosphate groups are not dominant, i.e., a mechanism of the
second type above described, involving less speciﬁc interactions with
the head group and leading to an effective introduction of conforma-
tional disorder in the alkyl chains. This mechanism is clearly favored
for PA, compared to NA, due to the strong intramolecular H-bond
existing in the former molecule. In the presence of phosphatidyleth-
anolamine-based membranes, a substantial fraction of PA molecules
can keep their intramolecular hydrogen bond and penetrate the
membrane, thus inducing conformational disorder and changing the
membrane dipole potential.
Additional information on the lipid/substrate interactions was
extracted from the analysis of the changes produced in the relevant
vibrational frequencies of the lipid and substrate upon binding, which
fully support the conclusions extracted from the analysis of the dipole
potential and structural data.Acknowledgements
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